ABSTRACT
INTRODUCTION
The cellular transcription factor AP-1 (activator protein 1) was originally defined as a DNA binding activity which bound to sequences within the SV40 and human metallothionein IIA enhancers (1) . This factor was later shown to bind to several phorbol ester-inducible genes and to mediate their induction by this treatment (2-4). Subsequently it was shown that the proteins present in AP-1 preparations included the products of the protooncogenes c-fos and c-jun and that the c-Jun protein either alone or as a heterodimer with the c-Fos protein could bind to AP-1 binding sites and stimulate the expression of genes containing them (5) (6) (7) . The levels of these proto-oncogene products increase after cell stimulation, for example by growth factors or phorbol esters, and their binding to AP-1 binding sites thereby plays a critical role in the induction of specific genes by these agents (7, 8) .
The critical role of the AP-1 transcription factor in cellular growth control and its relationship to proto-oncogene products has therefore stimulated considerable study of the effects of potential transforming agents on AP-1, in order to determine whether these agents mediate their transforming effect by stimulating AP-1 activity. In particular, infection with the DNA viruses SV40 (9) and the herpes virus cytomegalovirus (CMV:-10) has been shown to result in an increased activity of AP-1 or activation of the c-fos and c-jun genes in the infected cell.
These findings are of particular interest in that they suggest that the induction of AP-1 may be a general effect of infection with different DNA viruses, resulting in the induction of AP-1 dependent cellular genes whose products may be important in viral growth and replication. Similarly the transforming abilities of these viruses (for reviews see 11, 12) may be mediated in part via activation of AP-1 activity. Such a possibility is of particular interest in the case of CMV which does not encode an oncogene and appears to transform via a 'hit and run' mechanism involving a virally-induced change in the host cell (for reviews 12, 13).
However, both SV40 and CMV specifically stimulate infected cells, activating cellular DNA synthesis, cellular proliferation and the expression of a wide variety of cellular genes (for reviews see 13, 14) . Hence the activation of AP-1 activity observed in infected cells may be simply one aspect of a generalized activation of cellular processes by these viruses rather than a general effect of infection with DNA viruses.
To investigate this question further we have studied the effect on AP-1 activity of infection with herpes simplex virus type 1. Like CMV, this virus is a member of the herpesviruses and is capable of transforming cells to a tumorigenic phenotype (for reviews see 12, 13) . Unlike CMV however, infection with HSV produces a profound repression of host cell biosynthesis repressing both cellular DNA replication and the transcription of most host cell genes (for review see 15) . Hence a study of the effects of HSV infection on AP-1 activity should elucidate whether the activation of AP-1 observed in CMV and SV40 infection is a general effect of lytic infection with DNA viruses or is simply one aspect of the general stimulatory effects of infection with CMV or SV40. DNA mobility shift assay Extracts were prepared from mock infected or infected cells exactly as described by Dignam et al (21) . For the DNA mobility shift assay, lOfmol of labelled oligonucleotide probe was mixed with 3 til of extract in the presence of 20 mM Hepes, 5 mM MgCl 2 , 50 mM KC1, 0.5 mM DTT, 4% ficoU and 2 fig poly (dldc) per 20 /tl reaction volume. The reaction was incubated for 40 minutes on ice before separation of DNA/protein complexes by electrophoresis on a 4% polyacrylamide gel in 0.25 XTBE. Gels were run for 2-3 hours at 150V and 4°C, following pre-electrophoresis for about 2 hours before use. Complexes were visualized by autoradiography of the dried gel.
MATERIALS AND METHODS

Cells and Viruses
Transfection
Transfections of HeLa cells were carried out as described by Gorman (22) . 2 X10 6 cells on a 90 mm plate were transfected with 5 /ig of either pBL2 CAT (23) or pBLj CAT with 5AP-1 binding sites (TRE-CAT: -2) together with 5 /ig of plasmid vector or expression plasmids containing the gene encoding either ICPO or ICP27.
Nuclear run-on assay Nuclear run-on assays were carried out as previously described (24) and the labelled products used to probe dot blots onto which had been spotted a c-jun plasmid and the cDNA clone 123 whose corresponding gene has an unaltered transcription rate in HSV-1 infected cells (25) .
RESULTS
In order to determine the effect of HSV infection on AP-1 activity, BHK-21 cells (16) were either infected with HSV-1 strain F (17) or mock-infected and were harvested six hours after infection. Nuclear extracts were prepared from the cells by the method of Dignam et al., (21) and used in DNA mobility shift assays (26) with a labelled probe containing an AP-1 binding site.
In these experiments (Figure la) several complexes were observed to form on the AP-1 oligonucleotide and an approximately five fold increase in a major low mobility complex as well as in a minor complex of higher mobility was observed in the infected cells. The complexes which increased in abundance in the infected cells (arrowed in Figure 1 ) were specifically removed by an excess of unlabelled AP-1 oligonucleotide but not by an unrelated octamer oligonucleotide confirming that the up regulated activity was indeed AP-1. Moreover, the mobility of the up-regulated complexes was specifically decreased by the addition of an antibody to the AP-1 component c-Jun further confirming that these complexes were produced by an AP-1 activity and indicating that they contain c-Jun (Figure 1 ). In contrast a major complex of high mobility which was of similar abundance in mock-infected and infected cells was removed only weakly by unlabelled AP-1 competitor and was unaffected by the antibody indicating that it is likely to represent a non sequence specific DNA binding protein. No increase in activity of several other transcription factors such as the octamer binding factor Oct-1, Spl or ATF was observed in the infected cells demonstrating the specificity of the effect on AP-1 ( Figure lb) . As expected however, increased NF kappa B binding activity was observed in HSV-1 infected cells (Figure lb) in agreement with a previous report (27) . A similar up-regulation of AP-1 binding was also observed in extracts prepared from HSV-1 infected He La cells indicating that this effect is not restricted to BHK cells (data not shown).
Hence HSV infection does result in increased activity of the AP-1 transcription factor. To determine whether this occurred via increased synthesis of AP-1 proteins, via post-translational activation of pre-existing protein, or via a combination of these mechanisms, we determined the level of c-Jun protein in nuclear extracts from mock infected or HSV-1 infected cells. Extracts were electrophoresed on a polyacrylamide gel transferred to a membrane and immunoblotted with a polyclonal antibody specific for c-Jun protein. As shown in Figure 2 approximately two to three fold more Jun protein of the appropriate size was detectable in the infected cell nuclei although several non specific bands recognized by the antibody showed no change in abundance. This increase in c-Jun parallels the similar degree of increase in AP-1 noted in the DNA mobility shift assay and indicates that this increase is, at least in part, produced by elevated levels of c-Jun. A similar increase in c-Jun was observed by immunoprecipitation of cellular extracts labelled with 35 S methionine using the same antibody. In contrast, no increase in protein level was detected in Western blotting experiments with antibodies to other transcription factors such as Oct-1 and CREB paralleling the DNA mobility shift assay results and confirming that the effect was specific to c-Jun (data not shown).
In order to determine whether the observed increase in c-Jun protein levels in the infected cells was paralleled by increased transcription of the cellular gene encoding c-Jun we carried out nuclear run on assays (24) using nuclei prepared from mock infected and HSV-1 infected cells at various times after infection. In these experiments ( Figure 3 ) the relative insensitivity of the nuclear run-on assay did not allow the detection of c-jun transcription in uninfected cells. However, c-jun transcription was detectable at high level in nuclei prepared from cells four hours after infection although no change was observed in the levels of transcription of a control cDNA clone whose transcription rate we have previously shown to be unaffected by HSV infection (25) . The increase in c-jun transcription peaked at four hours after infection, much smaller increases being observed in nuclei prepared two hours or six hours after infection (data not shown). Hence HSV-1 infection results in increased
Having established that HSV can produce these effects we wished to identify the viral protein(s) responsible. To do this, we infected cells with the HSV-1 mutant tsK (18) at the non permissive temperature of 39 °C and compared the level of AP-1 activity in DNA mobility shift assays to that observed in cells mock infected at 39°C. The tsK strain contains a mutation in the gene encoding the immediate-early protein ICP4 which is necessary for activation of the viral early and late genes during infection (28) . Hence at the non-permissive temperature, this virus synthesizes only the defective ICP4 protein and the four other viral immediate-early proteins but does not proceed to the later stages of lytic infection (18) . Despite this abortive infection, however, a clear upregulation of AP-1 binding activity was observed in the tsK infected cells (Figure 4) . As expected no synthesis of viral early and late proteins was observed in methionine labelling experiments carried out with the tsK infected cells, confirming that a full lytic infection had not occurred.
Hence the up regulation of AP-1 activity in HSV infected cells is an early event in viral infection occurring in cells infected with tsK in which only virion entry and the synthesis of a defective ICP4 protein and the four other immediate-early proteins occurs. Interestingly, two of these other immediate-early proteins ICPO and ICP27, have been shown to up-regulate viral genes during infection or transfection experiments (29. 30). We therefore investigated whether either of these regulatory proteins was involved in the upregulation of AP-1 activity. Thus we carried out infections with the mutant vinises 17X2D (which does not express detectable ICP27:-20) and dll4O3 (which carries a deletion in the gene encoding ICPO:-19) and assessed the effect on AP-1 activity as before. As shown in Figure 4 , the virus lacking ICP27 induced increased activity of AP-1 in infection whereas the virus lacking ICPO failed to do so at any multiplicity of infection even though, unlike tsK, it is capable of carrying out a full lytic cycle, albeit at reduced efficiency (19) . Induction of AP-1 activity was also observed with the HSV-1 mutant d27 (31) which carries a deletion in the gene encoding ICP27 confirming that ICP27 is not involved in the up-regulation of AP-1 activity (data not shown). This indicates, therefore, that the upregulation of AP-1 activity observed in HSV infected cells is dependent upon the activity of a functional ICPO protein.
To confirm that ICPO alone can induce AP-1 activity in the absence of lytic infection, we used a plasmid in which an oligonucleotide containing five AP-1 binding sites has been cloned into the vector pBL2 CAT (23) and in which activity of the chioramphenicol acetyl transferase gene (CAT:-22) is dependent upon AP-1 activity. In experiments in which this plasmid was co-transfected with a plasmid expressing ICPO, an approximately tenfold up-regulation in CAT activity was observed in two independent experiments compared to that observed by cotransfecting plasmid vector alone ( Figure 5 ). In contrast, a slight decrease in the activity of the AP-1 construct was observed when it was co-transfected with a plasmid encoding ICP27 ( Figure 5 ) in agreement with the known ability of ICP27 to repress the activity of some promoters (31) . In contrast ICPO had no effect on the activity of the pBL2 CAT vector ( Figure 5 ) or on that of a pBL2 construct containing a CRE (cyclic AMP response element) in place of the AP-1 site (data not shown) indicating that these effects are specific for ICPO and AP-1 sites. Interestingly in experiments in which expression vectors encoding ICPO or c-Jun were transfected either singly or in combination with the AP-l-CAT construct, the stimulatory effects of ICPO and c-Jun on AP-1 dependent expression were additive and no synergistic activation of gene activity was observed (data not shown). This suggests therefore that both ICPO and the c-Jun expression vector stimulate AP-1 dependent promoters by the same mechanism namely by producing an increased level of c-Jun in the transfected cell, although we cannot eliminate the possibility that ICPO may also directly stimulate gene expression via AP-1 sites.
DISCUSSION
The experiments presented here indicate that the ICPO protein alone is able to up-regulate AP-1 activity and is responsible for the increased AP-1 activity observed in lytic infection with HSV. Moreover, the increased levels of AP-1 binding observed in mobility shift assays are paralleled by increased functional activity of AP-1 resulting in the induction of AP-1 dependent promoters. The fact that we observe parallel increases in both AP-1 activity and the levels of c-jun gene transcription and of c-Jun protein in infected cells suggests that this increase in AP-1 activity is in part dependent upon induction of c-Jun synthesis in HSV infection. It is also possible however, that post-translational changes such as dephosphorylation which can increase c-Jun binding to DNA (32) also occur in the infected cell and contribute to the observed increase in AP-1 activity. Interestingly the observed increase in c-jun transcription was observed to peak at four hours after infection consistent with this effect being dependent upon ICPO since synthesis of the immediate-early dependent early proteins peaks at four to six hours after infection (33) . The increased levels of AP-1 activity we observe in HSV infected cells parallel those observed in cells infected with other DNA tumour viruses such as CMV (10) and SV40 (9) suggesting that this may be a general effect of viral infection. In the case of HSV, such an activation of a cellular transcription factor mediated at least in part, via an increase in c-Jun levels is of particular interest in that most host cell biosynthesis is repressed in HSV infected cells (reviewed in 15). Thus, the synthesis of most host cell proteins is dramatically reduced in HSV infected cells, with cellular gene transcription (34, 35) and translation (36) being strongly inhibited whilst cellular RNAs are specifically degraded (37) . Hence the increased activity of AP-1 in HSV infected cells is likely to be a specific effect of importance in viral pathogenesis.
Moreover, although several cellular genes and proteins have been shown to be upregulated in HSV infection, such effects have previously been shown to involve the viral immediate-early proteins ICP4 (38) and ICP27 (39) or the virion protein Vmw65 (40) . Hence the effect on AP-1 documented here represents the first reported effect of ICPO on cellular gene expression and may underlie the very poor growth of viruses lacking ICPO following infection of most cell types at low multiplicity (19) .
As the effect of HSV on AP-1 activity is mediated via an immediate-early protein it will occur early after infection before commitment to the full lytic cycle has occurred. It may therefore play a role in determining the outcome of an initial infection with HSV which in addition to cell lysis can also result in asymptomatic latent infection (reviewed in 41, 42) or cellular transformation (reviewed in 12, 13).
In particular the up-regulation of AP-1 activity by a wide variety of different DNA viruses including SV40 (9) CMV (10), adenovirus (43) and HSV suggests that it is of some significance for viral growth and/or DNA replication. Thus it is possible that the up-regulation of AP-1 activity results in increased transcription of AP-1 dependent cellular genes whose protein products are required for the viral lytic cycle. Clearly however, such upregulation of AP-1 activity may also be involved in cellular transformation by these viruses in cases where the lytic cycle is aborted. Such a possibility is of particular interest in the case of HSV which does not apparently encode an oncogene leading to the suggestion that transformation occurs via a 'hit and run' mechanism in which transient exposure to the virus produces a permanent change in the host cell (44) .
Whatever its precise significance in the viral life cycle however, it is clear that activation of AP-1 by ICPO is one of the small number of stimulatory effects of HSV infection on cellular biosynthesis and takes place against a background of the repression of most cellular biosynthesis. This effect is therefore likely to play a significant role in the interaction between HSV and the cells it infects.
